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Abstract 
Demand for complex structures and miniature features, especially on hard and brittle materials with a required surface finish, 
urges a significant advancement of manufacturing technology. In the recent years, a number of micro-manufacturing processes 
have been developed to produce such miniature and complex structures. Micro-grinding is one such process that has been proved 
optimal thanks to its ability to produce micro-features with higher surface finish. In this study, we review the basic mechanism of 
micro-grinding, the development of micro-grinding tools, micro-grinding of different materials, effect of cutting fluids and most 
importantly modeling and simulation of the micro-grinding process. Suggested future research of this topic will cover application 
of the method to new materials as well as use of more environmentally friendly cutting fluids. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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1. Introduction 
Need of complex and intricate shapes in precision industries such as biomedical, aerospace, electronics and 
telecommunication spurs the manufacturing world to modify and develop different processes of higher level of 
precision. Currently, LIGA (Lithography, Electroplating, and Molding) and FIB (Focused Ion Beam) are the 
processes mostly used to manufacture micro and intricate parts. But they are only used for mass production due to 
higher setup cost. In this context, micro-grinding is expected to provide an alternative to LIGA and FIB [1]. Micro-
grinding has a competitive edge over other micro fabrication processes as it is generally used as a finishing process 
and generates very high surface finish in the optical range. Most important advantage of micro-grinding can be 
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inferred as the minimization of burr formation up to a great extent which is a main problem associated with 
mechanical micromachining. Recent works on micro-grinding covered different processes to develop various micro-
grinding tools with extremely small diameter up to 4 μm [1-7]. Many researchers have also focused on the micro-
grinding of different materials such as glass, silicon, Al-6061 and Al2O3 due to their application requirements [1, 6-
11]. The applicability of nano-particle minimum quantity lubrication in micro-grinding has also been explored [12-
15]. The objective of this work is to review the recent developments in micro-grinding and to identify the scope of 
research for its applicability on the wide range of materials. 
2. Basic mechanism of micro-grinding 
Micro-grinding shares similar aspects of conventional grinding but it falls in the region of micro-machining 
because of size effects associated such as minimum chip thickness effect and tool edge radius effect. Size effect is 
defined as the increase in specific energy at low depth of cut and feed rate [16-18]. Unlike the conventional sharp-
edge cutting model, chip formation in micro-machining occurs along the rounded tool edge. The value of tool edge 
radius is limited by type of micro-tool manufacturing method and considered to be main cause for minimum chip 
thickness [19]. Specific cutting forces increase non-linearly with decreasing un-deformed chip thickness or 
increasing tool edge radius [20]. Tool edge radius is a critical parameter in micro-machining which can have 
tremendous effects on surface roughness, forces encountered, tool wear and thermal interactions [21-23]. Main 
differences in the parameters of micro-grinding and macro-grinding are highlighted in the Table 1. In the micro-
grinding process, the deformation caused by a single grit during its interaction with the work piece is related with 
deformation modes, including shearing and ploughing mechanisms. 
 Table 1. Differences in the characteristics of micro and macro- grinding [24] 
 Macro grinding Micro grinding 
Ratio of the depth of cut to 
the grit radius 
50-100 0.1-1 
Ploughing Effect Not significant (§ 0%) Significant (§ 20 í 30%) 
Friction on the interface Columb’s friction Columb’s friction+ Ploughing friction 
Rake angle Constant negative Variable negative 
Material removal rate 10n ~ 10-1 mm3 /mm. s 10-1 ~ 10-3 mm3/mm. s 
The basic mechanical interaction of a single grit of micro-grinding is shown in Fig. 1(a). The geometry of grits is 
random in grinding so this has to be approximated by a specific geometry to simplify the mathematical modeling of 
the individual grit interaction. In this interaction, grit is approximated as spherical shape. Ernst and Merchant model 
can be substituted in the model obtained through integration of infinitesimal elements to get total cutting and thrust 
forces per grit [8]. The heat generated during micro-grinding was approximated as a triangular heat source moving 
along the direction of X-axis with the angle, ĭ as shown in Fig. 1(b) [24]. 
3. Micro-grinding machine setup 
A number of micro-grinding setups have been utilized by different researchers so far. Some of the important 
machine tools are mentioned in this review to explain the experimental requirements for performing micro-grinding. 
Aurich et al. developed a micro-grinding test setup using a prototype 3-axis precision machine with a resolution of 
20 nm, positioning accuracy of 1 μm and maximum spindle speed of 60,000 rpm [2]. A Nano-grinding centre as 
shown in Fig. 2(a) developed by Aurich et al. was used to integrate the fabrication of micro-pencil grinding tool and 
perform the micro-grinding of silicon [1]. Dimension of the machine was 900×600×600 mm and it could provide a 
wide speed range of 15,000 to 160,000 rpm. Maximum possible run out error and X–Y linear stage accuracy were 
reported as 1-2 μm and ±250 nm, respectively. Another micro-grinding system as shown in Fig. 2(b), developed by 
Cheng et al. has maximum speed of 60000 rpm and positioning resolution of 0.1 μm. This was used for micro-
grinding of silicon and glass materials [25, 26]. 
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Fig. 1. (a) Mechanical interaction of the single grit [8] (b) Thermal model for micro-grinding [24] 
 
 
Fig. 2. (a) Nano grinding centre [1] and (b) Micro-grinding setup for silicon and glass [25, 26] 
4. Development of different micro-grinding tools 
Cylindrical micro-grinding tools with tip diameter between 13 μm to 100 μm were developed by Aurich et al. 
[2]. The shaping of the tool was accomplished by grinding the tool tip on the cylindrical carbide tool shank. The tool 
tip was electrically plated with nickel and diamond grains. The diameter of micro-grinding tool with tungsten 
carbide base and electroplated diamond grits was further reduced to 4 μm by using a nano-grinding centre 
[1].Various coating baths such as nickel electrolyte bath, suspension bath were used for pre-coating of nickel and 
embedding of diamond grains on the tungsten carbide base. 
 
Fig. 3. (a) Finished various micro-grinding tool [3] (b) Tools of various shapes [6] 
Fabrication of a micro diamond grinding tool of 100 μm diameter as shown in Fig. 3(a) was also possible by an 
integrated technology which combines micro-electro discharge machining and precision composite electroforming 
[3]. In that process, metal substrate was first cut down to 50 μm using wire electro discharge grinding and then the 
micro diamond with 0-2 μm grain was plated on the surface of the substrate by composite electroforming. In another 
work, researchers developed different shaped PCD tool such as circular, triangular, D-shape and square shape tools 
as shown in Fig. 3(b) with block electro discharge machining method using specially designed block [6]. 
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When the surface of the grinding wheel deteriorates, it starts rubbing on the work piece without providing proper 
cutting action. In such scenario, dressing of the micro-grinding tool is inevitable. A dressing technique called 
electro-chemical discharge dressing was recently presented in which dull micro-grinding wheel was connected to 
cathode and an auxiliary electrode was connected to anode [27]. These were immersed in the electrolyte (NaOH or 
KOH). Further, the performance of the micro-grinding wheel on an alumina work piece before and after dressing 
was evaluated. Around 50% reduction was found in the normal force and surface roughness after dressing of the 
tool. 
5. Micro-grinding on different materials 
Micro-grinding has been applied so far only on few hard and brittle materials used in miniature products. 
However, there is one instance where ductile metal alloy has also been used in micro-grinding. Micro-grinding 
operation on Al-6061 by different electroplated CBN grinding wheels such as 85001-BM, 85002-BM, and 85003-
BM was performed [8]. During micro-grinding of Al-6061, wheel size and speed strongly affect the forces while 
feed appears less influential. Micro-grinding on mono crystalline silicon was performed using ultra small micro 
pencil grinding tools [1]. It was mentioned that smaller grain sizes and smaller grain concentrations in the tool 
improved the structure quality. In another work, silicon was ground with CVD diamond grinding wheel [9]. It was 
observed that higher feed rates and higher cutting speeds lead to low cutting forces. Another very common hard and 
brittle material is glass on which micro-grinding has been carried out recently. Micro fracture behavior of glass has 
been observed with the objective of reducing edge crack length [4]. Maximum edge breakout was 5 ȝm while micro-
grinding of glass with CVD diamond grinding wheel [9]. The feasibility of micro-grinding of BK7 glass with PCD 
tool was evaluated using tools with different shapes e.g. square, circular, triangular and D shape [6]. A hybrid micro 
machining of glass was performed in which electro chemical discharge machining (ECDM) was used for the 
machining of grooves on glass and then micro-grinding of the grooves with PCD tool of 10 μm grit size to reduce 
the surface roughness [10]. A hybrid process was adopted for micro-sharpening and micro-grinding for the 
manufacture of germanium immersion grating (GIG) element for mid-infrared super dispersion spectrograph. The 
achieved minimum radius of the V-groove of GIG was 25.62 μm and 11.63 μm by resinoid bonded diamond tool 
and metallic bonded diamond tool, respectively [11]. Some of the features fabricated with micro-grinding on 
different materials are shown in Fig. 4. 
 
Fig. 4. (a) Micro slot array in silicon using micro slot grinding [25], (b) Micro fluidic device in glass [2], (c) Micro-grooves on optical glass [4] 
and (d) Micro structures on germanium immersion grating element using micro-grinding [11]
6. Effects of cutting fluids in micro-grinding 
Use of cutting fluids has been widely accepted in the conventional grinding because of the intense heat 
generation in the process. Compressed chilly air was used to disperse the heat generated in the micro-grinding 
process. It was shown that low air temperature is preferable for low grinding forces and compressed chilly air 
significantly reduces the grinding forces and tool wear [12]. Micro-grinding process was also analyzed under nano-
particle minimum quantity lubrication with nano-particles of Al2O3 and diamond. It was shown that diamond nano-
particles with higher volumetric concentration and smaller size were more effective in reducing the grinding forces 
[13]. Micro-grinding process parameters were also optimized in which compressed air was used as cooling medium. 
During multi-objective optimization to increase MRR and surface finish and to reduce grinding force value, 
optimum values of air temperature, feed and depth of cut were found to be -18.91 ºC, 180 mm/min and 5 mm, 
respectively [28]. Nano fluid minimum quantity lubrication using nano diamond particles in the base oil of paraffin 
was applied while performing the micro-grinding on tool steel (SK-41C) with CBN vitrified tool. It was shown that 
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higher concentration of particles was more effective in reduction of grinding forces [14]. Minimum quantity 
lubricant (MQL) effect of Bluebe lubricant LB-1, a vegetable oil was studied in micro-grinding of SK3 steel 
(HRC18). Tool life with MQL was seven times and five times higher than those in dry grinding and grinding with 
air cooling, respectively [15]. 
7. Simulation in micro-grinding  
To predict grinding force in micro-grinding of Alumina, a CZM-based finite element model was developed on 
the basis of detail abrasive cutting edge profile and maximum chip thickness analysis. FEA model configuration is 
shown in Fig. 5 (a). Linear tetrahedron element was selected for meshing the alumina work piece. Simulation results 
were then compared with experimental measurements at different depth of cut and feed rates. Results reflected good 
conformity but at higher depth of cut, experimental normal forces were somewhat higher than that of simulated ones 
because of the increased dynamic effects with increased feed rate as shown in Fig. 5 (b) [29]. Dynamic contact finite 
element modelling of single grit was accomplished using LS-DYNA software and deformed simulated and physical 
work piece surfaces were compared [30]. 
 
 
Fig. 5. (a) FEA model configuration and (b) Experimental and simulated results comparison [29] 
8. Conclusion 
Main focus in this area is revolving around the micro-grinding of hard materials like glass, Al2O3, and silicon. 
Higher accuracy, better surface finish at less edge cracking of the micro structures obtained on these materials using 
micro-grinding justifies the upward trend of its application. However, there are still materials like titanium alloys 
and inconel alloys, which have their unique importance in biomedical and aerospace, are not explored much in the 
area of micro-grinding. Development of newer micro-grinding tool has been also a very favorite topic for the 
researchers and minimum tool diameter of 4 μm has already been achieved. Diamond is the mostly adopted abrasive 
in micro-grinding. Cutting fluids have shown a great impact on the process and MQL has been widely adopted. 
Investigation on more environmental friendly cutting fluids in micro-grinding can also be explored. Simulation and 
modeling of multi-grit interaction in micro-grinding should also be carried out for understanding micro-chips 
formation, accurate prediction of grinding forces and ground surface finish.   
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